SUMMARY Normal human erythroid progenitor cells from bone marrow were grown in culture using a methyl cellulose clonal assay technique. Sideroblastic erythroid cells were found in the majority of colonies examined at 14-17 days, and a few sideroblasts were found in some of the colonies examined after shorter periods of culture. Electron microscopy confirmed the presence of both intramitochondrial iron deposits and cytoplasmic ferritin aggregates. These morphological appearances probably represent an abnormality induced by the in vitro culture conditions and cannot be used as evidence for an intrinsic defect in haem synthesis.
The appearance of sideroblastic erythroid cells in colonies grown in vitro from the blood' or bone marrow2 of patients with idiopathic acquired sideroblastic anaemia has been held to confirm that the erythroid progenitors in this condition are abnormal and give rise to progeny expressing the specific metabolic defect of haem synthesis thought to be characteristic of this condition. The present study shows that progenitors from normal marrow may give rise to sideroblastic colonies in culture when they are incubated under standard conditions in methylcellulose.
Material and methods

BONE MARROW
Normal bone marrow samples were obtained during the course of surgery from the femur of patients undergoing total hip replacement or from the sternum of patients undergoing cardiac surgery. In some cases aspirates from the iliac crest were obtained under anaesthesia from patients undergoing minor surgery. All subjects were haematologically normal. Fully informed consent was obtained in all cases before the procedure.
PREPARATION OF CELL SUSPENSION
Bone marrow samples were collected in 10 ml Eagle's minimum essential medium (Flow Laboratories) containing 2% heat inactivated, filter sterilised fetal calf serum and 15 U/ml preservative free heparin at 4°C. The cells were immediately centrifuged at 2000 g for 7 min and the supematant discarded. The cell pellet was resuspended in 5 ml Accepted for publication 24 September 1984 fetal calf serum and bone marrow granules broken down by aspiration through a 25 G needle. Nucleated cells were separated by centrifugation on a Ficoll-Hypaque (Pharmacia) discontinuous density gradient (1-077 g/ml) at 400 g for 30 min at room temperature. The interface cells were collected, washed twice with Eagle's minimum essential medium at pH 7 4, and used for culture.
CULTURE OF CFU-E AND BFU-E
Colony forming unit-erythroid (CFU-E) and burst forming unit-erythroid (BFU-E) were cultured by a modification of the methylcellulose system of Iscove et al.2a In 
Results
Cells from 15 normal marrow samples were cultured. In no case were any sideroblasts present in the marrow before culture. Colonies were removed between the 4th and the 17th day. Table 1 shows that sideroblastic colonies were present in 11 of 13 cultures examined at 14-17 days, 1 of 2 cultures examined at 11-12 days, and 3 of 7 cultures examined at 4-8 days. Both ring sideroblasts and non-ring forms were seen. The numbers of colonies within the cultures showing a sideroblastic appearance and the number of sideroblastic cells in these colonies increased from relatively low numbers for CFU-E to much higher numbers for BFU-E. In 14-17 day cultures 55% of the total number of colonies examined showed sideroblastic change and within these colonies 24% of the total cells were sideroblasts. Fig. 1 shows the percentage of the total number of erythroid cells in each culture that were sideroblastic related to the day of examination.
Transferrin iron, transferrin saturation, and ferri- Table 2 . There was no increase in iron or transferrin saturation during the 14 days, though there was a steady increase in ferritin, presumably due to synthesis and release by the culture cells. In subject 4, in whom the transferrin saturation varied from 20% to 37%, no sideroblasts were seen in the 14 day colonies. In subject 3, with transferrin saturation varying from 69% to 91%, all six colonies examined at 14 days contained sideroblasts, 54% of all the cells in these colonies being sideroblastic. In one experiment, where the transferrin saturations of 29%, 32%, and 62% in the original medium were compared, the percentage sideroblasts in the resulting BFU-E colonies examined after 14 days were 17%, 23%, and 46% respectively. Supplementation of the cultures at seven days with additional medium, beta-mercaptoethanol (10'4 M), or pyridoxal HCI (2 mg/l) did not appear to influence the appearance of sideroblasts in 14 day colonies. Fig. 2 shows electron micrographs of typical iron granules in erythroid cells from a normal 15 day colony. Both mitochondrial (Fig. 2a) and ferritin type aggregates (Fig. 2b) were present and these were commonly found in the same cell. Sideroblasts were sometimes associated with morphological features of dyserythropoiesis, but this was not a consistent finding.
Discussion
Although the appearance of sideroblasts in erythroid colonies grown in vitro has been accepted as evidence for an intrinsic metabolic defect in haem synthesis in these cells,' 2 most patients with primary acquired sideroblastic anaemia actually have greatly reduced erythroid colony formation3 4 and many have no growth. The present study shows that early erythroid progenitor cells (BFU-E) from normal human bone marrow can mature into colonies in which a large number of morphologically recognisable erythroblasts contain siderotic granules, often as perinqclear rings. The electron microscopic Kaaba, Jacobs, Barnes appearances are similar to those seen in the bone marrow of patients with idiopathic acquired sideroblastic anaemia5; both intramitochondrial iron deposits and cytoplasmic aggregates of ferritin molecules are present, often in the same cell. The occurrence of this phenomenon in erythroid bursts arising from BFU-E after 14 days' culture, but only to a much lesser extent in seven day colonies arising from CFU-E, suggests either that only the early progenitors are sensitive to the conditions giving rise to sideroblastic change or that they need to be exposed to the culture conditions for a longer period before a pathological effect is seen. The failure of supplementation of the cultures at seven days, either with whole medium or pyridoxal HCI, to prevent the development of sideroblasts suggests that this does not depend on a simple nutritional deficiency. Both sideroblastic and non-sideroblastic cells were found in the same bursts and there was no apparent difference in maturity between the two with respect to nuclear morphology or haemoglobinisation. The appearances were not those to be expected from a separate clone of sideroblastic cells.
In those cultures investigated, transferrin saturation in the medium appeared to remain fairly constant throughout the period of incubation while there was a steady rise in ferritin concentration, presumably reflecting ferritin synthesis in macrophages and, possibly, other cells. Cells incubated with highly saturated transferrin appear to have a high incidence of sideroblasts at 14 days, while in cultures with a low transferrin saturation this is less obvious. While a high transferrin saturation alone may result in cellular iron loading and cytoplasmic ferritin aggregates in vivo it will not normally produce mitochondrial iron deposits. It is possible, however, that the localised iron loading may stimulate secondary intracellular free radical generation with consequent membrane damage and this might be potentiated by the effects of oxygen toxicity known to occur in marrow cultures.6
The possible influence of culture conditions on the morphological appearance of erythroid cells in culture makes it difficult to interpret studies in patients with sideroblastic anaemia. The paucity of colony growth in such patients and the occurrence of sideroblasts in BFU-E from normal marrow might even suggest that when sideroblastic colonies are seen in these patientse cultures they are as likely to have arisen from normal progenitors as from an abnormal clone. Ogawa and his colleagues' 8 noted the presence of sideroblastic cells in erythroid colonies from normal human marrow samples after 7-10 days' growth in methylcellulose, but in a later paper' they considered the presence of such cells in peripheral blood BFU-E from a patient with sideroblastic anaemia to confirm the underlying defect of haem synthesis. Similarly, Mizoguchi et al2 found ring sideroblasts only occasionally in CFU-E but more commonly in the BFU-E colonies of a patient with sideroblastic anaemia. This is the same pattern observed in our normal subjects and may well have represented growth of a small remaining population of normal erythroid progenitors. The significance of sideroblasts in culture from patients with abnormal erythropoiesis can be evaluated only when parallel studies on normal subjects are available to control the possible effect of culture conditions. Reid et a!9 have shown dyserythropoietic changes in BFU-E derived colonies and related this to co-culture with monocytes. The phenomenon we observed was not consistently related to dyserythropoiesis, but although the mechanism may be different, it could well be relevant to the pathogenesis of mitochondrial iron deposits.
